In Drosophila, Dscam1 generates 19,008 different ectodomains by alternative splicing of three exon clusters, each encoding half or a complete variable immunoglobulin domain 3 . Identical isoforms bind to each other, but rarely to isoforms differing at any one of the variable immunoglobulin domains 4, 5 . Binding between isoforms on opposing membranes promotes repulsion 6 . Isoform diversity provides the molecular basis for neurite self-avoidance [6] [7] [8] [9] [10] [11] . Self-avoidance refers to the tendency of branches from the same neuron (self-branches) to selectively avoid one another 12 . To ensure that repulsion is restricted to selfbranches, different neurons express different sets of isoforms in a biased stochastic fashion 7, 13 . Genetic studies demonstrated that Dscam1 diversity has a profound role in wiring the fly brain 11 . Here we show how many isoforms are required to provide an identification system that prevents non-self branches from inappropriately recognizing each other. Using homologous recombination, we generated mutant animals encoding 12, 24, 576 and 1,152 potential isoforms. Mutant animals with deletions encoding 4,752 and 14,256 isoforms 14 were also analysed. Branching phenotypes were assessed in three classes of neurons. Branching patterns improved as the potential number of isoforms increased, and this was independent of the identity of the isoforms. Although branching defects in animals with 1,152 potential isoforms remained substantial, animals with 4,752 isoforms were indistinguishable from wild-type controls. Mathematical modelling studies were consistent with the experimental results that thousands of isoforms are necessary to ensure acquisition of unique Dscam1 identities in many neurons. We conclude that thousands of isoforms are essential to provide neurons with a robust discrimination mechanism to distinguish between self and non-self during self-avoidance.
Dscam1 diversity provides the molecular basis of neurite selfavoidance (for review, see ref. 1). Neurite self-avoidance facilitates uniform coverage of target fields by dendritic and axonal branches, while allowing the branches of different neurons to share the same field 12 . Self-avoidance also has an important role in branch segregation during axon guidance 7, 8, 11 . Self-avoidance requires that selfbranches repel one another, whereas branches of different neurons do not repel each other. Each neuron expresses a unique combination of Dscam1 isoforms comprising some tens of isoforms in a largely stochastic manner 7, 13 . Thus, isoform-specific homophilic recognition is restricted to self-branches. Binding elicits neurite repulsion 6 . That Dscam1 diversity underlies the phenomenon of self-avoidance is well documented in the formation of dendritic receptive fields formed by dendritic arborization neurons in the larval body wall 6, 9, 10 and in the segregation of axon branches of mushroom body neurons in the central brain 7, 11, 14, 15 . Although self-avoidance demands that neurons express different sets of isoforms, the identity of the isoforms they express is not important 6, 7, 11, 14 (see later). How many isoforms are necessary for each neuron within a group to discriminate between self and non-self? To address this question, we analysed mutants with reduced Dscam1 diversity (Fig. 1a, b) . Previously, deletion mutants were generated that removed subsets of exon 4 variants (for example, Dscam1 D4.1-4.3 and Dscam1 D4.4-4.12 ; Fig. 1b ) 14 . The largest deletion (Dscam1 D4.4-4.12 ) removes nine out of twelve exon 4 variants and, thus, encodes 4,752 potential isoforms. To reduce Dscam1 diversity further, a series of knock-in mutants encoding between 12 and 1,152 isoforms were generated using homologous recombination (Fig. 1b and Supplementary Fig. 1 ). These include three different Dscam1 576-isoform alleles, each of which contains only one exon 9 variant. Thus, each allele encodes a distinct and non-overlapping set of 576 potential isoforms. Furthermore, three Dscam1 12-isoform alleles were generated, each of which contains one combination of exon 6 and 9 variants, thus encoding 12 potential isoforms. By combining two different Dscam1 576-isoform alleles, animals with 1,152 potential isoforms were generated (referred to as Dscam1 1152-isoform ). In a similar manner, animals with 24 potential isoforms were generated by combining two different Dscam1 12-isoform alleles (referred to as Dscam1 24-isoform ). Replacement of the genomic regions was confirmed by sequencing ,10 kilobases (kb) spanning the modified segment. Sequence analysis of complementary DNAs isolated from these alleles showed that the fixed exons were expressed with different combinations of the remaining variable exons (Supplementary Fig. 2a) . Protein levels and distributions were similar to wild type, as assessed by western blots and immunostaining, respectively ( Supplementary Fig. 2b, c) . In summary, these alleles encode reduced numbers of isoforms expressed in a similar pattern and level as in wild type.
We first sought to determine the number of isoforms necessary for patterning dendritic arborization neurons. These neurons elaborate dendrites in a two-dimensional pattern over the larval body wall. Self-dendrites seldom overlap. In contrast, dendrites of different dendritic arborization neurons in the same territory overlap extensively 16 . Removal of all Dscam1 isoforms results in increased overlap and fasciculation of self-dendrites (Fig. 1c) , whereas the overexpression of a single Dscam1 isoform in dendritic arborization neurons with normally overlapping dendrites leads to ectopic avoidance between them 6, 9, 10 . In all mutant animals encoding reduced diversity, self-dendrites of class I dendritic arborization neurons avoided each other as in wild-type controls (Fig. 1d, e) . In contrast to wild type, however, dendrites of class I and class III neurons, which normally overlap, showed nearly complete avoidance in mutants encoding 12 and 24 isoforms (Fig. 1d, f and Supplementary Fig. 3 ). This indicates that ectopic repulsion occurred between class I and III dendrites in these mutants. We next tested the effects of increasing the pool of isoforms to hundreds and thousands on the overlap between class I and III dendrites. We observed increased overlaps as the number of potential isoforms increased ( Fig. 1f and Supplementary Fig. 3 ). These findings suggest that a substantial fraction of isoforms is shared between class I and III neurons when tens or hundreds of isoforms are available. With thousands of isoforms available, however, different neurons express sufficiently different populations of Dscam1 isoforms to prevent ectopic repulsion. In summary, a pool of thousands of isoforms is necessary for each dendritic arborization neuron to reliably discriminate between self and non-self neurites.
We next assessed the extent of diversity required for mushroom body development. The mushroom body comprises some 2,500 neurons and most axons form two branches projecting into two orthogonal paths, which result in the formation of two distinct lobes 17 . Dscam1-mediated self-avoidance is required for selfbranches to segregate with high fidelity (Fig. 2a ) 7, 11 . Mushroom bodies in mutants with only a single ectodomain encoded at the Dscam1 locus (Dscam1 single ) invariably form only one lobe, indicating that mushroom body axons do not segregate appropriately 11 . In contrast, selfbranches of a single mushroom body neuron expressing a single (24) (27) (22) (11) *** *** *** *** *** *** Supplementary Fig. 3 for larger images. All neurons were visualized with anti-HRP antibody (magenta), and class I (vpda) neurons were labelled with GFP (green; appears white because they overlap with magenta). Class III (v9pda) neurons were traced from cell bodies 16 (insets). Yellow arrowheads, crossing between class I and III dendrites. Scale bars, 50 mm. e, Selfrepulsion is intact in all mutants with reduced diversity. Numbers in parenthesis denote class I neurons analysed for each genotype. Data in boxplot format (thick line, median; box, 25-75% quartiles; error bar, data within 1.53 quartile range; circles, outliers). ***P , 0.001; Student's t-test. f, Increasing the number of available isoforms increases overlaps between class I and class III dendrites. Numbers in parenthesis, class I/III pairs analysed. Data in boxplot format. **P , 0.01, ***P , 0.001; Wilcoxon rank test. Thousands of isoforms are required for normal degree of overlap. For genotypes, see Methods.
isoform surrounded by wild-type neighbours in a genetically mosaic animal segregate with high fidelity 7, 11, 14 . Together, these data suggest that the failure to form two lobes in Dscam1 single mutants reflects inappropriate recognition between the branches of different neurons 11 . All Dscam1 576-isoform mutant animals form only a single lobe, similar to that seen in Dscam1 single mutants (Fig. 2b, c) . Increasing the potential pool of isoforms to 1,152 by combining two different alleles of Dscam1 576-isoform , partially improved mushroom body lobe segregation (Fig. 2b, c) . In contrast, the morphology of mushroom bodies in mutants with 4,752 potential isoforms (that is, Dscam1 D4. 4-4.12 ) was indistinguishable from wild type (Fig. 2b, c) . These results show that between 1,152 and 4,752 isoforms are required for mushroom body axon branches to distinguish between self and non-self, thereby supporting orderly axon branch segregation and the formation of the bi-lobed mushroom body structure.
In summary, thousands of isoforms are essential for generating sufficiently different Dscam1 cell-surface identities to support a robust discrimination mechanism for dendrites of dendritic arborization neurons and axon branches of mushroom body neurons to distinguish between self and non-self. This self-avoidance function of Dscam1 does not depend on the identity of the isoforms, as different mutants with the same degree of diversity showed similar spectra of phenotypes, and deletion mutants collectively removing all isoforms (Dscam1 D4.1-4.3 and Dscam1
D4. 4-4.12 ) showed normal mushroom body lobe segregation and patterns of dendrites of dendritic arborization neurons (Fig. 2b, c, Supplementary Fig. 3 and ref. 6) .
A fundamentally different role for Dscam1 diversity in regulating branching was proposed in a previous study 18 , where the complex branching patterns of posterior scutellar mechanosensory neurons were analysed in two different, although partially overlapping, exon 4 deletion mutants with the same degree of diversity (11,088 potential isoforms). Differences in the branching patterns of posterior scutellar neurons between deletions and between deletions and control were described. These included an increase in the number of animals with branches that are present in a fraction of control animals, and the appearance of some ectopic branches unique to each mutant. These findings led to the proposal that, in contrast to self-avoidance, it is the identity of specific isoforms that has a role in regulating the formation of specific branches of posterior scutellar neurons. Here we revisit the role of Dscam1 diversity in branching of posterior scutellar neurons. In contrast to previous work 18 , our data demonstrate that there is no requirement for specific isoforms, and that it is the number of isoforms that is crucial in regulating branching.
All Dscam1 576-isoform mutant animals had marked defects in the axonal branching patterns of posterior scutellar neurons (Fig. 3a-c) . The branching patterns were improved in Dscam1 1152-isoform mutants. The spectra of phenotypes were indistinguishable between different Dscam1 576-isoform mutants and between different Dscam1 1152-isoform mutants encoding different sets of isoforms (Fig. 3c, d and Supplementary Figs 5 and 6) . Thus, the improvement seen in Dscam1 1152-isoform mutants derives solely from the increase in the number of potential isoforms, and not from acquisition of 'correct' isoforms.
That isoform identity is not essential for elaborating the branching pattern of posterior scutellar neurons was demonstrated by examining branching patterns in Dscam1 D4.1-4.3 and Dscam1 D4.4-4.12 mutants, which collectively remove all Dscam1 isoforms. A few branch segments exhibited nominally significant differences between different genotypes. However, these differences did not persist in the same mutants in different genetic backgrounds (Fig. 3c , e and Supplementary Figs 5 and 6), or in mutants with one copy of a deletion allele and one copy of a protein-null allele ( Fig. 3f and Supplementary  Figs 4-6) . Furthermore, cluster analysis showed that the branching patterns of Dscam1 D4.1-4.3 and Dscam1 D4.4-4.12 mutants were indistinguishable from controls ( Fig. 3g and Supplementary Fig. 6 ). Thus, it is the number of isoforms, not their identity, that is crucial in regulating the branching pattern of posterior scutellar neurons.
In summary, we conclude that the branching of posterior scutellar neurons requires between 1,152 and 4,752 isoforms, similar to that observed for dendritic arborization and mushroom body neurons, and that no specific isoforms are required for this process. Although the details of branch formation of posterior scutellar neurons in the developing thoracic ganglion are not known, the target areas of branches contain neurites of many neurons. Thus, it is likely that the branching defects observed in mutants with reduced diversity reflect the failure of branches to adequately discriminate between self and non-self neurites. That is, insufficient diversity leads to inappropriate repulsive interactions between neurites of different neurons. Notably, thousands of isoforms are required for normal patterning in all three systems analysed in this paper.
To address why so many isoforms are required to prevent interactions between self and non-self, we mathematically modelled the relationship between the number of potential isoforms and the number of distinct Dscam1 identities that can be generated. Although isoform expression in dendritic arborization and posterior scutellar neurons has not been analysed, previous molecular studies on mushroom body neurons, as well as other neurons, showed that each neuron expresses some tens of isoforms in a largely stochastic fashion 7, 13 . Accordingly, we used a Monte Carlo simulation and binomial distribution to estimate the number of neurons that reliably acquire 'unique' Dscam1 identities (that is, arrays of isoforms expressed in a pair of neurons that do not trigger ectopic repulsion between them), given different numbers of potential isoforms (Fig. 4a) . We found that the probabilities that a pair of neurons express the same isoform(s) were rather high (Supplementary Fig. 7a ). This finding is analogous to the 'birthday problem' in which the likelihood of two individuals sharing the same birthday from a randomly chosen population is counterintuitively high (for example, there is a 50% likelihood that at least two individuals share the same birthday in a group of 23 people). For example, there is 4.4% chance that a pair of neurons shares at least one isoform out of 30 messenger RNAs even with a pool of 20,000 isoforms. Thus, if one isoform shared between two neurons was sufficient to trigger repulsion, then fewer than three neurons would reliably acquire unique identities, even from a pool of 20,000 isoforms ( Supplementary Fig. 7b ). This indicates that some degree of overlap in the isoforms expressed between two neurons is probably permissive. When sharing some fraction of isoforms (for example, ,20%) between two neurons is permitted, a nonlinear increase in the number of neurons acquiring unique identities was observed as the pool of isoforms increases from hundreds to thousands, regardless of the number of isoforms expressed per neuron (Fig. 4b) . Notably, thousands of isoforms are necessary to reliably generate tens of neurons or more with unique Dscam1 identities. Thus, this modelling study provides a mathematical explanation for why thousands of isoforms are necessary to promote repulsion between self-branches with minimal risk of ectopic recognition between non-self branches.
In conclusion, we demonstrate a profound requirement for thousands of Dscam1 isoforms in patterning neural circuits. The importance of this level of diversity is underscored by the observation that all arthropod species for which genome sequence is available encode thousands of different Dscam1 ectodomains (for example, ,3,000 isoforms in water flea 19 , ,6,000 in honey bee 20 , and up to 20,000 in different Drosophila species 20 ). We show that around 5,000 isoforms are sufficient to pattern all three systems analysed in this paper. Further diversification of Drosophila Dscam1 beyond 5,000 isoforms may reflect differential splicing mechanisms in different neuronal subclasses (for example, some neurons may show more extensive bias in splicing thus limiting the access to the full diversity), a function mediating recognition between neurons in other developmental contexts (for example, to promote adhesive interactions between synaptic partners) or functions elsewhere such as in the immune system 21 . Notably, our study argues that the demand for robust discrimination between self and non-self neurites underlying self-avoidance alone is sufficient to account for thousands of isoforms encoded at the Dscam1 locus in Drosophila. 
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METHODS SUMMARY

Dscam1
576-isoform and Dscam1 12-isoform mutant alleles were generated essentially as described 11 ( Supplementary Fig. 1 ). At least two independent recombinants were generated for each allele encoding distinct variants, and these were used to generate homozygous mutants to avoid effects from potential second site mutations (for example, Dscam1
x.y.25a /Dscam1 x.y.25b ). Molecular characterization of these mutants was performed essentially as described 11 . Immunostaining was performed essentially as described 6, 11 . The branching patterns of posterior scutellar mechanosensory neurons were analysed by DiI tracing as described 18, 22 . The branching patterns of different exon 4 deletion mutants were scored blindly to avoid potential bias in scoring (for details of the scoring method, see Supplementary Fig. 4 and Methods). Pair-wise comparisons of branch occurrence between genotypes were performed by Fisher's exact test. Comparisons between genotypes that account for all branches were conducted using a permutation-based test. Because a large number of comparisons are carried out in this study, we used the Bonferroni criteria to correct for multiple testing.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. of embryos, and N. Nocera and other members of the Zipursky laboratory for help in screening homologous recombinants. We thank D. Eisenberg for helpful discussion on mathematical modelling. We thank R. Axel, A. Nern, W. Wojtowicz and other members of the Zipursky and Grueber laboratories for discussion and comments on the manuscript. showing that thousands of isoforms are required to give rise to many unique Dscam1 identities. a, A schematic representation of mathematical modelling used to determine number of neurons that acquire unique Dscam1 identities. Tables of Q x,i for each condition are shown in Supplementary Fig. 7a . b, The number of neurons that obtain unique identities at more than 95% likelihood with varying degrees of diversity. Both axes are in log scale. See Supplementary Fig. 7b for the condition in which no sharing of isoforms between neurons is allowed.
